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ABSTRACT OF THE THESIS 
 
 
 
Single CuO Nanowires Electrical Properties and Application on  
Photoelectrochemical Water Splitting 
by 
Junnan Wu 
Master of Science in Mechanical Engineering and Materials Science 
Washington University in St. Louis, 2014 
 
Research Advisor:  Dr. Parag Banerjee 
 
 
Charge transport in single crystal, p type copper oxide (CuO) nanowires (NWs) was 
studied through temperature based (120 K – 400 K) current-voltage (I-V) measurements of 2-
terminal single NW devices. Individual CuO NWs with an average diameter of 220 nm were 
attached to Au electrodes 2.5 µm apart, using a dielectrophoresis method. I-V curves showed a 
transition from linear behavior at low bias to strong power law dependence (I ~ V

) at high bias, 
which can be attributed to space charge limited current (SCLC) mechanism. At low electrical 
fields (< 0.89  103 V·cm-1), the number of injected charges was smaller than the number of free 
charge carriers inside the intrinsic p type CuO NW, resulting in Ohmic conduction. The thermal 
conductivity activation energy was calculated from the linear I-V curves to be 272 meV, and a 
thermal equilibrium hole concentration (peff) of 1.5 × 10
16
 cm
-3 
was obtained from the Ohmic 
regime. At higher electrical fields (> 0.89  103 V·cm-1), the number of injected charges 
 viii 
 
exceeded the number of free charge carriers, and the localized space charge moved from one site 
to another under the electrical field in discrete jumps, resulting in space charge limited current. 
Our results showed that there were exponentially distributed trap states in the CuO NWs (>2). 
As the free holes were trapped, current caused by the flow of holes was dictated by the density 
and energy distribution of the trap states. Study of the SCLC regime allowed further 
understanding of the trap states in CuO nanowires, which has not been reported until now.  We 
obtained an average trap energy (ET) = 26.6 meV and trap density, NT = 3.4 × 10
15
cm
-3
. The 
charge carrier mobility was very low (< 0.01 cm
2
/V·sec), as expected for the small polaron type 
reported for CuO. Furthermore, the small polaron mobility was found to be dominated by 
phonon scattering at low temperature and thermally activated hopping mechanism at high 
temperature. At temperatures higher than 210 K, small polarons started hopping, and the 
activation energy for hopping mobility was estimated to be 44 meV.  
The second part of the thesis focused on the photoelectrochemical water splitting 
application of electrodes fabricated using CuO nanowires. The valence band edge of CuO 
nanowires was found to be 4.93 eV below the vacuum level through the Mott Schottky test. 
Combining the experimental results from single nanowire 2-terminal devices and the Mott 
Schottky test, the band structure of the CuO nanowires was calculated. A photocurrent density of 
0.75 mA·cm
-2 
was observed at a bias of -0.3 V vs. Ag/AgCl. The transient chopping light 
measurement indicated CuO nanowires had a strong resistance to photocorrosion under the 
testing conditions. Incident photon-to-current efficiency spectrum showed a peak value of 5 % at 
430 nm, with a broad band photoresponse from the UV to near IR region due to the low bandgap 
(1.4 eV) of CuO. Based on our study, CuO nanowires are one of the promising water splitting 
 ix 
 
photocathode materials despite the low intrinsic carrier concentration and mobility, mainly due 
to its one dimensional geometry and single crystal nature. 
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Chapter 1 
 
Introduction 
 
1.1 Overview 
 
1.1.1 Introduction to 1-D Nanowires 
 
1-D nanowires (NWs) exhibit novel electronic, photonic, electrochemical, thermal, and 
mechanical properties owing to their large surface area and high aspect ratio
1,2
. Metal oxide NWs 
are attractive candidates for molecular sensing due to their rapid interaction with the ambient 
environment. Defect generation/ annihilation releases electrons or holes in the conduction or 
valence band, resulting in conductivity change of metal oxide nanowires
3
. SnO2 NWs have been 
used as O2 and CO detector through the conductivity change caused by surface depletion and 
accumulation in oxidative and reductive environments
4,5
, respectively. Similarly, ZnO
6
, In2O3
7
, 
InAs
8
, and TiO2
9
 NWs have also shown promise for chemical sensing. The unique characteristics 
of nanowires, such as the defect free single-crystalline nature, subwavelength geometry, and 
atomically smooth surface, allow for their application in photonic devices. ZnO10, CdS11, and 
GaN12 nanowires have been studied for NW laser/LED applications. Compared to their bulk 
state, nanowires arrays present a huge surface area for light absorption, and their length and 
radius are at the same scale of visible light wavelength and minority charge carrier diffusion 
length, making them an optimized structure for photoelectrochemical water splitting electrodes 
and photovoltaic cells
13
. 
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1.1.2 Introduction to Photoelectrochemical Water 
Splitting  
 
As a result of the rising problem of growing human development and a limited fossil fuel 
supply, the need for alternative renewable energy is becoming urgent. Clean energy, including 
solar, wind, biomass, hydropower, and geothermal, should play a bigger role in the total energy 
supply of our society. Hydrogen as a fuel has the advantage of high energy density and when it 
reacts with oxygen to power up a fuel cell, the only by-product is water. Electrolysis of water to 
produce hydrogen was first observed 200 years ago. In 1898, Gaurti showed that a plant of 32 
electrolysis water splitting cells with separated electrodes yielded 30 cubic meters of oxygen and 
60 of hydrogen daily
14
. Currently hydrogen is mainly produced by steam reforming, which 
consumes fossil fuel and generates carbon dioxide
15
. Hydrogen as clean energy by electrolysis or 
steam reforming is uncompetitive compared to coal and natural gas, as the consumed energy is 
more valuable than the amount of hydrogen produced. 
Solar energy directly converted to electricity or stored as chemical fuels such as hydrogen 
has been widely studied in the past decades, taking advantage of ~120,000 TW of radiation 
energy that continuously strike the earth surface
16
. Photoelectrochemical water splitting, also 
known as artificial photosynthesis, uses the electricity produced by photovoltaic systems to break 
down water into hydrogen and oxygen. It combines the solar energy harvesting and electrolysis 
of water into a single device and offers a more environmentally friendly and benign way to 
produce hydrogen without the undesired carbon-based byproduct. Metal oxide semiconductors 
for photoelectrochemical hydrogen production were first introduced in 1972, by Fujishima and 
Honda
17
. Many Researches have been focused on improving material properties and testing 
conditions for higher conversion efficiency and longer lifetime in the past decades
18-20
. 
Water splitting is known to be a thermodynamically endothermic reaction, and the 
process is represented by
21
: 

H2O(l ) H2(g ) 
1
2
O2(g )(G  237.2KJmol
1,E 0 1.23V )
                             1.1 
 3 
 

E0  is the minimum thermodynamic voltage needed for splitting water (

E0=1.23V vs Normal 
Hydrogen Electrode). A key challenge for photoelectrochemical water splitting to happen 
effectively and sustainably is the design of photoelectrodes that can meet several essential 
criteria:  
(1) The band gap of the semiconductor (Eg) must be small enough to absorb a significant 
portion of solar spectrum. 
(2) For water splitting to occur, Eg must also be large enough to allow the developed 
photovoltage to overcome the thermodynamic barriers and overpotentials. 
(3) The band edge of the semiconductor at the surface must straddle the oxygen and 
hydrogen redox potential for spontaneous water splitting. The band gap energies and relative 
band position of commonly studied semiconductor materials for photoelectrochemical water 
splitting
22
 have been listed in Figure 1.1. 
(4) The photoelectrodes must have good stability and corrosion resistivity to the aqueous 
electrolyte.  
(5) The charge transfer from semiconductor to semiconductor electrolyte interface and 
back contact must be facile to avoid kinetic overpotential and accumulation of electrons/holes at 
the surface. 
 4 
 
 
Unfortunately, no single materials exist that will satisfy all the desired criteria mentioned 
above. Among them, TiO2
23
 and hematite
16,18,24
 are the most widely studied materials. 
Combination and modification methods have been utilized extensively for optimized materials. 
For example, TiO2 has a large band gap around 3.2 eV that can only absorb a small portion of the 
solar spectrum, although it has good stability over a wide pH range. Many methods have been 
incorporated to improve the light absorption efficiency and charge carrier density of TiO2, such 
as hydrogen treatment of TiO2 nanowires and nanotubes. Nanowires and nanotubes provide a 
higher surface area compared to thin films, allowing more light absorption and reaction sites, 
shorter charge transport length, and lower recombination rate. Hydrogen doping creates three 
orders of magnitude increase of the oxygen vacancies in the semiconductor
25
, which serves as 
electron donors for the enhancement of photocurrent. Similarly, nitrogen doping method was 
applied to ZnO nanowires by ammonia ambient annealing and showed significantly improved 
photocurrent density
26
. 
 
 
 
Figure 1.1 Band gap energies and relative band positions of different 
semiconductors related to their water oxidation/reduction potential
22
 
(vs.NHE). 
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1.2 Problem Statement 
 
1.2.1 Single Nanowires Electrical Properties 
 
Due to their large surface area, nanowires are profoundly influenced by their surface 
states, which can be further controlled and tailored for desired device applications. The 
fundamental material properties of nanowires such as thermal conductivity, electrical 
conductance, and mobility, were found to be different from their bulk counter part
27,28
. 
Therefore, it is important to study the charge transport and trap characteristics of semiconductor 
materials in the form of single nanowires before integrating them into functional architectures for 
electronic devices. 
Due to the 1D dimensional nature of nanowires, Hall Effect measurements, which require 
the placement of 4 terminals in diametrically opposite edges of a sample, are neither feasible nor 
practical. Most of the single nanowires electrical property studies up to this point in time focused 
on n type semiconductor nanowires through the fabrication of nanowire field effect transistor 
(NWFET), such as n type Si
29
, ZnO
30
, and InAs
31
. Compared to n type semiconducting NWs, p 
type NWs have not been as thoroughly explored.  
Cupric oxide (CuO) NW is a p type semiconductor with a narrow bandgap
32
 of 1.4 eV 
and has attracted recent attention for applications in chemical sensing
33-37
 and energy 
application
32,38
. It can be easily synthesized by thermally oxidizing high purity Cu foils
39,40
, 
yielding NWs ~ 100 nm in diameter and few microns long. Wu el al. in our group have shown 
that the CuO nanowires are indeed single crystal, which is ideal for charge transfer inside the 
CuO nanowire as it is free of grain boundary scattering and recombination. Figure 1.2 (a) is a 
scanning electron microscope (SEM) image of CuO nanowires. Figure 1.2 (b) is a transmission 
electron microscope (TEM) image of a single CuO nanowire with a growth direction of [010]. 
The surface is smooth, as expected of single crystal NWs. Figure 1.2 (c) shows the high 
resolution TEM (HRTEM) image of single CuO nanowires, with the Fourier Transform of the 
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HRTEM image inserted. (Wu, Fei (2012), characterization of CuO nanowries, unpublished raw 
data) Although electronic transport properties of CuO have been studied in bulk polycrystalline 
films
41
, polycrystalline nanofibers
42
 and single crystals
43
, little is known about the electronic 
transport properties of individual CuO NWs. To date, available studies on the electrical 
properties of single CuO NWs are based on CuO NWFET
35,36
. Only carrier concentration and 
field effect mobility were determined. The mechanism of electrical conduction and the impact of 
the concentration and energy of traps within the NWs are of significant importance for 
understanding nanowire device physics. To the best of our knowledge, the trap level and 
concentration of CuO nanowires have not been reported. A comprehensive profile of electrical 
transport properties for single CuO nanowires and how these properties are influenced by 
temperature and applied electrical field is still needed. 
 
 
 
 
 
 
 
Figure 1.2 (a) SEM image of high density, ultra-long CuO nanowires grown by thermal 
oxidation at 600 C for 5 hours, with a 2 m scale bar. (b) TEM image of single CuO 
nanowires with a growth direction of [010], the scale is 100 nm. (c) The HRTEM image 
of single CuO nanowires, with a 2 nm scale bar. (Insert) Fourier Transform of the 
HRTEM image confirms that the nanowire grows in the [010] direction. 
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1.2.2 Photoelectrochemical Water Splitting Using  
CuO Nanowires Electrodes  
 
1-D nanostructures are promising for higher photoactivity, owing to their high surface 
area and rapid diffusion of charge carriers in the radial direction, yielding a low recombination 
rate of excited electron-hole pairs
44
.  It is well known that the conduction band edge of CuO has 
a more negative potential than the reduction potential of hydrogen
32
, which makes it promising 
photocathode material for water splitting. The bandgap of CuO nanowires is 1.4 eV
32
, further 
making it a good candidate for water splitting, as the amount of solar energy CuO nanowires can 
absorb lies deep into the solar spectrum (<885nm). At the same time, the band gap of 1.4 eV is 
bigger than the thermal dynamic potential for water splitting (1.23 eV). In this part of work, we 
fabricated electrodes using CuO nanowries and tested their photoelectrochemical water splitting 
properties.  
 
1.3 Approach 
Single CuO NWs were immobilized across Au electrodes using dielectrophoresis 
(DEP)
45
. This approach is advantageous because the use of e-beam lithography or focused ion 
beam deposition for establishing metal-semiconductor contacts can damage the metal oxide 
surface or structurally change the NW
46,47
. Temperature based current-voltage (I-V) 
characteristics were measured. It was found that I-Vs transitioned from Ohmic (linear) at low 
bias to power law for space charge limited conduction (

I ~V ,  >2) at high bias. We applied an 
approach described by Rose
48
 to study the Ohmic and space charge limited current (SCLC) 
conduction mechanism of the 2-terminal single CuO nanowires devices at low and high bias 
respectively, and report on the electronic properties of single CuO NWs, including: thermal 
activation energy (Ea) for Ohmic conductivity, effective carrier concentration (peff), charge 
 8 
 
carrier mobility (µ), trap concentration (NT), effective trap temperature (TT) and trap energy (ET) 
of individual CuO NWs. 
We further conducted the three-electrode photoelectrochemical test of CuO nanowire 
photoelectrodes in 0.5 M Na2SO4, with a pH of 5.5. Figure 1.3 is a schematic diagram of 
photoelectrochemical water splitting using CuO nanowires as photocathode. Upon illumination 
by photons with energy greater than the band gap (1.4 eV), water is reduced by photo-generated 
electrons at the CuO surface, and aqueous anions are oxidized to oxygen gas at the photoanode. 
A small electrical bias is applied in the external circuit to enhance the extraction of holes from 
the CuO NWs. We studied the operating potential range, flatband voltage, photocurrent, and 
IPCE of CuO nanowire photocathodes to understand the photoelectrochemcal properties of CuO 
nanowires. 
 
 
 
 
 
 
 
 
 
 
CuO NWs 
Photocathode Pt Wire 
Figure 1.3 Diagram of the basic principles of water splitting for a photoelectrochemical 
cell based on CuO nanowires photocathode, where hydrogen is evolved and a 
photoanode (Pt wire) where oxygen is evolved.   
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Chapter 2 
 
Experimental Techniques 
 
2.1 Synthesis of CuO Nanowires  
 
High-density CuO NWs with an average length 30 µm, diameter of 220 nm, and density 
of 1.3 × 10
8
cm
-2
, were grown on Cu foil by thermal oxidation, as described in detail by Wu et 
al.
40
. Briefly, Cu foil (Alfa Aesar®) with 99.9% purity was first cleaned in 1.0 M HCl for 5 
minutes to remove the native oxide followed by repeated rinsing with DI water. After drying 
with compressed air, the Cu substrate was immediately placed in an alumina boat and heated to 
873 K for 5 hours in a horizontal tube furnace. The sample was naturally cooled down to room 
temperature before being removed from the furnace. 
 
2.2 Dielectrophoresis Single NWs Device Fabrication 
The foils containing the CuO NWs were sonicated in isopropanol (HPLC grade, Sigma 
Aldrich) for 10 seconds resulting in a uniformly dispersed suspension of CuO NW in 
isopropanol. 5 µL of CuO NW suspension was dropped on the prefabricated gold electrodes 
(MEMS Solution, Inc., Korea) with a target 2.5 µm gap distance, as shown in Figure 2.1. Images 
of the gold electrodes were taken by an optical microscope (Nikon Eclipse LV150N). A 
sinusoidal voltage with amplitude of 6 V (peak-to-peak) and frequency of 20 kHz was applied to 
attach individual CuO NWs to the Au electrodes. Dielectrophoretic force was caused by the 
polarization of nanowires in a dielectric medium under alternating current45. Nanowires were 
“placed” between the two electrodes where the electrical field was at a maximum. Compared to 
NWFET, DEP has the advantage of low cost and contamination-free
47
. A post annealing step at 
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473 K for 2 hours in air was performed to improve the electrical contact between the Au 
electrode and the NW
49
.  
Raman spectra of the DEP CuO NWs were obtained using a Renishaw® in Via Raman 
Microscope with a spot size ~ 1 µm
2
. The objective of the microscope was 50× with a numerical 
aperture of 0.75. The wavelength of the laser used was 514 nm. SEM images were taken using a 
JEOL-7001LVF. NW dimensions were obtained from SEM images using Image-J software.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Optical images of the gold electrodes on prefabricated gold electrodes 
on silicon wafer. The size of the chip is 1 cm × 0.3 cm. The enlarged image shows 
a gap distance of 2.5 μm between the two gold electrodes, with a scale bar of 5 
μm. 
Au Electrodes 
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2.3 Temperature based Current Voltage    
Measurement 
  
All electronic transport property measurements were carried out in a commercial probe 
station (Janis ST500-1-2CX). Temperature was varied from 120 K to 400 K, with a step size of 
10 K. The average pressure of the chamber was maintained at or below 1 × 10
-3 
Torr. I-V 
measurements were made using the Keithley 2400 Source Measure Unit. The applied voltage 
was increased from 0 to 3V, and then from 0 to -3V, at a rate of 0.05 V per step.  
 
2.4 CuO Nanowires based Photocathode Fabrication 
CuO nanowires for making photocathodes were oxidized following the recipe published 
by our group
40
. 127 µm thick Cu foils (Alfa Aesar®) with 99.9% purity were rolled to 26 µm 
and oxidized at 997K for 10 hours. Wu et al. showed that oxidized at 997K for 10 hours, all the 
Cu was consumed and Cu2O was turned into CuO
40
. The oxidized foil became a bilayer structure 
with CuO nanowires growing on the top and bottom sides (Figure 2.2 (a)). Figure 2.2 is an 
illustration of the photocathode fabrication process using the CuO nanowires. First, the top layer 
was carefully removed using a razor blade, keeping the nanowires untouched.  Next, silver paste 
(SPI 05001-AB) was used to attach the removed top CuO film to a cleaned ITO glass substrate, 
leaving the CuO nanowires facing upward. Finally, epoxy was used to seal the substrate and 
expose a very small area of CuO nanowires. The area was calculated using image-J software. 
The top of the ITO glass was left free of epoxy for making the electrical contact. Photocathode 
was left in the open air for 8 hours before testing for the epoxy to cure.  
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Figure 2.2 Schematic diagram of CuO nanowire electrode fabrication: (a) SEM 
image of CuO high-density nanowires grown at 997 K for 10 hours, with a 
scale bar of 2 m. (b) The top layer of the CuO film was peeled off and 
attached to the ITO glass using silver paste. (c) Epoxy sealed CuO nanowire 
photocathode. 
(a) 
(b) 
(c) 
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2.5 Measurement of Photoelectrochemical Water 
Splitting Performance of CuO Nanowires 
 
A three-electrode quartz PEC cell using 300 ml aqueous solution of 0.5 M Na2SO4 
buffered at pH=5.5 with Phosphate Buffered Saline (PBS, Sigma) was used for the current 
density and the capacity measurements. A schematic diagram of the PEC cell set is shown in 
Figure 2.3. The CuO/ITO electrode as working electrode, Pt wire as counter electrode, and 
Ag/AgCl (3 M KCl) as reference electrode were connected to a potentiostat (VersaSTAT 
Princeton Applied Research). A scan rate of 10 mV·s
-1
 was used for the linear sweep 
voltammetry. For the Mott-Schottky measurement, the amplitude of the sine AC potential was 10 
mV, and the frequency applied was 10 kHz. Illumination was provided by a solar simulator 
(Newport # 91160 Solar Simulator) using a 150W xenon lamp and equipped with an Air Mass 
1.5 Global Filter (Newport #81088). Light power intensity was calibrated with a silicon 
photodiode (Thorlabs) ~100mW·cm
-2
 at the samples positions. For the IPCE measurement, a 
monochrometer (Oriel) was used and the intensity of the monochromatic light was calibrated 
using the silicon photodiode. IPCE measurements were performed in the same setup and 
electrolyte as used for the current density measurements. 
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Figure 2.3 Schematic diagram of PEC test setup for CuO nanowire photocathodes.   
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Chapter 3  
Electrical Characterization 
3.1 Determination of the Space Charge Limited   
Current (SCLC) Conduction Mechanism for Single 
CuO Nanowires 
 
Figure 3.1 shows the Raman spectrum of a single CuO NW with the corresponding SEM 
image in the inset. A peak at 298 cm
-1
 corresponding to the Ag mode of single crystal CuO is 
observed
50
. This indicates that the CuO NW is not affected by the post DEP thermal annealing 
carried out at 473 K to improve Au contact resistance. The effective length of the NW between 
the two electrodes is 2.25 µm and the diameter is 85 nm. 
 
 
 
 
 
 
 
 
200 250 300 350 400
0
20
40
60
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100
CuO NW
CuO NW
CuO NW
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y
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-1
)
CuO (298 cm
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) CuO NW
Au electrode
Figure 3.1 Raman spectra and SEM image (inset) of single CuO NWs, the peak 
at 298 cm
-1
 corresponding to the Ag Raman active lattice mode of single crystal. 
Insert, SEM images of single CuO nanowire across the gold electrodes after 
thermal annealing. 
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I-V curves of single CuO NW device for various temperatures are shown in Figure 3.2. 
Though the temperature was varied from 120 K to 400 K in intervals of 10K, only selective I-V 
data is presented for the sake of clarity. The I-V curves show nonlinear behavior and a power law 
relation (

I ~V ) is used for fitting, as this is the characteristic of SCLC behavior51-54. Here  
decreases as temperature increases, varying from 3.59 at 120 K to 1.26 at 400 K.  
As shown in Figure 3.2 (inset), another key feature confirming SCLC is the symmetric I-
V curves across both polarities
48
. Although back-to-back Schottky diode conduction mechanism 
also has symmetric I-V characteristics
55,56,57
, we excluded this mechanism for two reasons. First, 
the difference between the work function of the Au ( = 5.1 eV) and the Fermi level (EF) of the 
CuO NW
58
 (4.5 eV) implies that an Ohmic contact will be formed
3,35,58
. Second, we obtain poor 
fit of our data with the operational form
55
 of the back-to-back Schottky diode, thus implying that 
SCLC is the prevalent mechanism for the given NW.  
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Figure 3.2 Current-Voltage (I-V) characteristics measured at temperatures 
between 120 and 400 K with power law fittings. Inset: IV characteristics at 300 K 
show polarity independent, symmetric behavior.  
 
 17 
 
3.2 Study of Ohmic Behavior at Low Bias and 
Extraction of Conductivity Activation Energy 
 
Further proof of SCLC behavior is obtained by observing the low bias (< 0.2 V) I-Vs 
which is entirely linear. This behavior is Ohmic and indicates good electrical contacts between 
the semiconductor nanowire and Au electrodes. The SCLC conduction mechanism also requires 
Ohmic contact between the semiconductor and electrodes. The Ohmic behavior occurs when the 
number of electrons injected from the metal to the semiconductor at low bias is less than the 
intrinsic carrier concentration. The linear I-V characteristics of single CuO NWs at low bias 
(electric field < 0.89  103 V·cm-1) and for 200 K < T < 400 K are shown in Figure 3.3 (a). The 
conductivity of a single NW increases with temperature, due to thermally activated holes. Figure 
3.3 (b) shows the Arrhenius plot of Ohmic conductivity with reciprocal temperature (1000/T) 
from 200 K ~ 400 K. A clear transition from linear to nonlinear behavior is observed around 240 
K, which is very close to the reported value of 230 K for antiferromagnetic order-disorder 
transition in CuO single crystals
43
. We thus extract the room temperature activation energy (Ea) 
from the linear portion of the plot (240 K< T< 400 K). This is found to be 272 meV, which is 
much higher than values reported for bulk CuO single crystals (120-160 meV)
43
. Assuming a 
weak temperature dependence of mobility due to phonon scattering (T
-3/2
), one can approximate 
the Fermi level position from the edge of the valence band, where EF-EV ≈ Ea. Thus, the Fermi 
level is 272 meV above the valence band edge. This value is higher than previously reported for 
bulk values of CuO thin film, possibly due to the large surface-to-volume ratio of the NWs. This 
indicates that the surface may play a role in determining low field conductivity. Recall that the I-
V curves were conducted in low vacuum, which caused O2 desorption and a release of electrons 
from the NW surface. This compensates hole carriers and could lead to a higher Fermi level 
position compared to the valence band edge.  
Using this information, the effective hole concentration, peff can be estimated as
3
: 
                       )exp(
Tk
EE
Np
B
VF
veff

                                    3.1 
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Here, Nv is the valence band density of states where,
 

Nv  2(
2m*kT
h2
)3 2, and the effective 
mass of holes
41
 is given as (m
*
=7.9m0). T is temperature, h is Planck’s constant, and k is 
Boltzmann’s constant. Thus, we obtain a value of the effective carrier concentration peff = 1.5  
10
16
 cm
-3
.  
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Figure 3.3 (a) IV characteristics between 120 and 400 K at low bias shows Ohmic 
behavior, (b) An Arrhenius plot of conductivity versus reciprocal temperature yields 
the activation energy Ea  = 272 meV. 
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3.3 Current-voltage characteristics (SCLC Regime) 
 
3.3.1 Study of Trap Concentration and Trap Energy 
 
Next, we focused on the SCLC conduction mechanism at higher biases (electric field > 
0.89  103 V·cm-1). When the injected holes from an Ohmic anode exceeds the number of holes 
at thermodynamic equilibrium in a semiconductor free of traps, the current is limited by space 
charges and is given by Child’s Law:59 
                              320 /)89( LVJ r                                                         3.2 
Where  is the free carrier mobility, 0 is the free space permittivity, r is the dielectric 
constant, V is applied voltage, and L is the length of the nanowire. Equation 3.2 shows that 
I~V

, with =2. However, our I-V curves clearly show  is bigger than 2 at temperature below 
250 K, which is evidence of exponentially distributed trap states inside CuO nanowires
59
, shown 
in Figure 3.4.  decreases with increasing temperature and varies from 3.59 at 120 K to 1.26 at 
400 K. 
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Mark and Helfrich showed that the SCLC current density deviates from the V
2
 
dependence in the presence of exponentially distributed traps as
59
: 
                         
1
1
2 1
( )
l
l
l o r
SCLC V l
T
V
J q N f l
N L
 




 
  
 
                                                               3.3 
where, 

f (l)  (
l
l 1
)l (
2l 1
l 1
)l1 , NT is the trap concentration,  is the free carrier mobility, 
q is the electron charge, Nv is the valence band density of states, where
 

Nv  2(
2m*kT
h2
)3 2 (T is 
temperature, h is Planck’s constant, and k is Boltzmann’s constant ), 0 is the free space 
permittivity, r is the dielectric constant of CuO (given as 10.5)
43
, L  is the effective length of the 
NW, and l = T/TT = 1-, where TT is the characteristic trap temperature.  In Figure 3.4,   drops 
below 2 at temperatures higher than 250 K, which is likely due to the thermally activated traps 
100 150 200 250 300 350 400
1.0
1.5
2.0
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3.0
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4.0

Temperature (K)
=2
Figure 3.4  extracted from I-V curves at temperature from 120 K – 400 K shows a 
decrease with temperature from 3.59 at 120 K to 1.26 at 400 K.  crosses over =2 
line at 250 K.  
 22 
 
were promoted back into the conduction band of CuO nanowires and the I-V characteristics of 
single CuO nanowire becomes more Ohmic. As Equation 3.2 is only valid when 2 for space 
charge limited current in the presence of exponentially distributed traps, only I-V characteristics 
at temperature lower than 250 K were used for further analysis for trap energy, trap 
concentration, and charge carrier mobility. 
Extracting  (where,

  l 1
Tt
T
1) from the power law fits from Figure 3.2 (b) and 
plotting  versus 1000/T in Figure 3.5 (a) yields a straight line with a slope corresponding to TT, 
where, TT~309 K. The equivalent energy ET~ 26.6 meV (ET =kB  TT) above the valence band 
edge and represents the average energy of the trap states.  
The trap concentration NT is determined from the following equation proposed by Kumar 
et al.
52
, 
                               3.4                                               
Where, Vc is the critical voltage that can be determined by plotting log(I)–log(V) at 
different temperatures and extrapolating the curves to higher voltage
52
. I-V data from 160K-
250K are plotted in log-log scale in Figure 3.5 (b), and fitted linearly. The extrapolating lines 
cross over at the critical voltage Vc ~14 V. Vc is further confirmed to be 14 V by using the 
minimum standard deviation from the fitting of I-V characteristics at different temperatures 
(Figure A.1 in Appendix). Figure 3.5 (b) shows that current increases as temperature increases 
until the applied voltage exceeds Vc, beyond which the current decreases as temperature 
increases. The trap concentration NT is calculated from Equation 3.3 to be 3.414  10
15 
cm
-3
.  
 Under the assumption that all traps on the single crystal CuO NW of radius r reside on its 
cylindrical surface (r = 42.5 nm from the SEM image), a surface trap concentration of (NT  r/2) 
= 7.1  109 cm-2 is obtained. Compared to the density of dangling bonds on the surface of the 
exposed plane (2.5  1015 cm-2 and 6.2  1014 cm-2 for Cu and O terminated (

111) planes, 
respectively, shown as Figure A.2 in Appendix), this implies that one in every 10
4
-10
5
 broken 
bonds are electrically active and detectable defects. These surface defects could play an 
important role in limiting the performance of CuO NW based field effect devices. On the other 

Vc 
qNTL
2
20r
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hand, these defects could be highly sensitive to molecule detection and may represent a 
fundamental upper limit to the sensitivity of CuO based gas sensors. 
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Figure 3.5 (a) Linear fit of the power law exponential factor  to extract the 
characteristic trap temperature TT to be 309 K. (b) Linear extrapolation of log( I) – 
log(V) characteristics to obtain the crossover voltage VC, VC=14 V.  
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3.3.2 Determination of Charge Carrier Mobility 
and Mobility Activation Energy  
 
With NT obtained from Equation 3.3, µ in the SCLC regime can be extracted from 
Equation 3.2 as a function of T. The calculated hole mobility for CuO NWs is very small 
(<0.005 cm
2
/V·sec), as shown in Figure 3.6 (a). The small carrier mobility has been reported 
previously for CuO, which is likely due to the fact that heavy holes (m
*
=7.9m0) move in a 
narrow 3d band for transition metals such as CuO and NiO
43
. The formation of small polarons in 
CuO could be the cause of highly localized low-mobility carriers (µ ≤ 10-2 cm2/V·sec at 300 
K)
43
. Li et al.
36
, have measured mobility for CuO NW FETs to be ~2.51  10-3 cm2/V·sec. Our 
results are similar to the reported values. In Figure 3.6 (a), small polaron mobility first decreases 
with increasing temperature ( ~ T-1.38) up to 210 K, which is caused by the phonon scattering 
mechanism. Above 210 K, an increase of mobility with temperature was observed, which can be 
attributed to the thermally activated small polaron hopping mechanism at high temperatures
60
. 
For the small polaron hopping mechanism, localized charges move from one site to another 
under an electrical field in discrete jumps. The activation energy this case is given by
60
: 
                 

 
0
T 3 2
exp(
Em
kBT
)                                                     3.5 
Where 0 is a constant, Em is the activation energy for mobility, and T is absolute 
temperature. In Figure 3 (b), µT
3/2 
is plotted vs 1/kT, and the mobility activation energy is 
extracted from the slope of the linear fitting. According to this graph, Em ~ 44 meV which is 
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comparable to the reported value (55 meV) for bulk single crystal CuO
43
. Furthermore,  is 
found to be independent of electrical field, as shown in Figure A.3 in Appendix. 
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Figure 3.6 (a) Small polaron mobility at different temperatures: below 210 K, mobility 
decreases with increasing temperature by scattering mechanism; above 210 K, mobility 
increases with increasing temperature due to small polaron hopping.  (b) Linear fit to 
extract small polaron hopping activation energy from temperature 210 K – 250 K. The 
activation energy is shown by the slope to be 44 meV. 
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Chapter 4 
 
CuO Nanowires based Photoelectrochemcial 
(PEC) Water Splitting 
 
4.1 Construction of CuO Band Diagram 
 
4.1.1 Mott Schottky Flatband Potential Study 
 
The sample capacitance, measured at a frequency f= 10 KHz in 0.5 M Na2SO4 solution of 
pH = 5.5 is plotted in Figure 4.1 as C
-2
 versus the CuO potential V. According to the Mott-
Schottky relationship, the capacitance of the depletion layer at the semiconductor and electrolyte 
interface is given by
41
: 
                               

C2 
2
0A
2eNA
(V VFB 
kBT
e
)
                                          
4.1 
Where C and A are the interfacial capacitance and area, respectively, NA is the number of 
acceptors, V the applied voltage, kB is the Boltzmann’s constant, T the absolute temperature, and 
e the elemental charge. Therefore, According to Equation 4.1, plotting 

1 C2 versus V should 
yield a straight line, which allows for the extraction of VFB from the intercept with V axis. 
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Figure 4.1 Mott Schottky flatband potential study of CuO nanowires 
photocathode in 0.5 M Na2SO4 solution. The electrode was scanned from 0 ~ 
-0.3 V at rate of 10 mV·s
-1
.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The negative slope in the Mott–Schottky plot in Figure 4.1 indicates that CuO electrodes 
show p type behavior. The flatband potential of CuO at (pH = 5.5) was found to be 0.015 V 
versus the Ag/AgCl reference electrode. Ogura et al. reported the flatband potential of 
electrochemically prepared CuO thin film as 0.31 V (pH=7) vs Ag/AgCl
38
. The flatband 
potential of CuO thin film and nanowires prepared by wet chemical oxidation was reported to be 
0.06 V and 0.01 V vs. Ag/AgCl at a pH of 4.9, respectively
32
. When comparing the flatband 
voltage from different sources, one needs to convert VFB into the potential vs. reduced hydrogen 
electrode (RHE) using the Nernstian equation: 
                

VRHE VAg /AgCl 0.059pH  EAg /AgCl
0 (EAg /AgCl
0  0.199V )                             4.2 
Using Equation 4.2, the flatband voltage of CuO thin film and nanowires were 
calculated to be 0.55 V and 0.49 V vs. RHE, respectively. Our work shows similar flatband 
potential for CuO nanowries (0.54 V vs. RHE) compared to previous work
61
.  
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4.1.2 Determination of CuO Band Edges  
From the flatband potential (VFB) and the energy difference between the Fermi level and 
the valence band edge (Ea) calculated above, one can now determine the positions of the band 
edges as follows: VFB relates the valance band edge to the Ag/AgCl, where the absolute potential 
of Ag/AgCl itself lies 4.64 eV below the vacuum level
38
. The conductivity activation energy 
Ea=EF-EV was determined to be 0.272 eV from the electrical characterization for Ohmic 
conduction in previous sections. The position of the valance band edge with respect to the 
vacuum level, which is denoted by D, is then given by
41
 
                                                    aFB EVD  64.4                                                           4.3         
Therefore, from Equation 4.3 we conclude that the valence band edge of CuO lies at 
D=4.93 eV (below vacuum level). This value is very close to what has been reported by Nakoaka 
et al. in 2004 (5.22 eV below vacuum level)
38
 and Koffyberg and Benko in 1982 (5.42 eV below 
vacuum level)
41
. Since the bandgap of the CuO electrode used is 1.4 eV, the conduction band 
edge should lie at 3.53 eV (below vacuum level), which is also the value of the electron affinity. 
The energy band scheme for CuO in this study is illustrated in Figure 4.2. 
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4.2 Current-potential Characteristics in Dark and 
under Illumination 
 
Figure 4.3 shows representative current-potential curves of a CuO/ITO electrode in the 
dark and under illumination in a 0.5 M Na2SO4 solution. The fabricated CuO nanowire 
photocathode is shown as the insert. The electrode was scanned from open-circuit potential to 
cathodic potential at a rate of 10 mV/s. The dark current becomes significant and adds to the 
photocurrent when the sweeping potential higher than -0.3 V (Edark-onset). When illuminated with 
energy equal to or above the band gap (1.4 eV) at cathodic potentials, electrons as minority 
carriers in the p type CuO electrodes drive the hydrogen reduction reaction at the electrode-
electrolyte interface. As shown in Figure 4.3, the onset of the cathodic photocurrent (Eonset, 
which is defined as the potential where the photocurrent density starts to exceed the dark current 
Figure 4.2 Estimated band edges for CuO nanowires photocathode. 
 
 
 
 
3.53 
4.66 
4.93 
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Figure 4.3 Current-potential curves of a CuO/ITO electrode in dark and under 
illumination in a 0.5 M Na2SO4 solution, pH=5.5. Insert is the CuO/ITO nanowires 
photoelectrode. The electrode was scanned from open-circuit potential to cathodic side 
at rate of 10 mV/s. 
density), due to the hydrogen reduction occurs at +0.19 V in Figure 4.3, which is higher than the 
flat-band potential (0.015 V), indicating that kinetic overpotentials are required to drive the 
redox reaction to happen. A right shift of onset potential for cathodic current due to reduction of 
hydrogen observed in Figure 4.3 indicates a p type material, which agrees with the Mott 
Schottky results. The difference between Eonset and the reversible hydrogen reduction potential is 
the onset voltage (Vonset ), which is calculated to be 0.71 V using Equation 4.2. Forward biasing 
the p type electrodes to potentials more anodic than VFB can often lead to anodic degradation. 
Based on the discussion above, the current density-potential characterization should be 
performed between Eonset and Edark-onset, which corresponds to +0.19V ~ -0.3V vs. Ag/AgCl. The 
photocurrent for CuO nanowires at -0.3V is found to be 0.75 mA·cm
-2
. 
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4.3 Transient Current Density under Chopped Light 
Illumination of CuO/ITO at -0.2 V 
The transient current density under chopped illumination at -0.2 V vs. Ag/AgCl for the 
CuO/ITO sample is shown in Figure 4.4. The photocurrent density degraded slightly in the first 
2 cycles, and then remained stable through the test. Although CuO has a major drawback in that 
it photocorrodes in aqueous environments and the photocorrosion of CuO yields Cu2O and Cu
62
, 
our CuO/ITO photocathode shows a good stability for water splitting under the testing condition. 
Recall that the electrical transport properties for single CuO nanowires studied previously 
showed low effective carrier concentration and mobility, and high trap concentration, which 
leads to a short diffusion length and high recombination rate for excited charges in CuO. The 
good stability and photocurrent observed in the tests is likely due to the extra-long and high 
density CuO nanowires that provide a huge surface area for the hydrogen reduction reaction to 
occur at the CuO - electrolyte interface and the single crystal nature of CuO NWs free of grain 
boundaries. Their one-dimensional geometry and single crystal nature allows the photo-excited 
holes diffuse to the nanowire and electrolyte interface facile enough to avoid the recombination 
with electrons inside the semiconductor. Similar concept of increasing electrode surface area to 
enhance photoresponse was shown by another group through comparing the photocurrent density 
of CuO foil and CuO mash
32
. They showed that with the same projection area, CuO mash 
showed a significant increase in the cathodic current under illumination compared to CuO foil
32
. 
 
 
 
 
 
 
 33 
 
 
 
 
 
 
 
 
 
 
 
4.4 Incident Photon-to-Current Efficiency (IPCE) 
Measurement 
 
To further evaluate the performance of CuO nanowires as photocathode for water 
splitting, the spectral IPCE of CuO/ITO at -0.05V vs. Ag/AgCl is  presented in Figure 4.5. IPCE 
is one of the most important diagnostic figures of the merit for PEC electrodes. It is a measure of 
the ratio of the photocurrent versus the rate of incident photons as a function of wavelength. 
IPCE provides the combined information about the efficiencies for photo absorption/charge 
excitation and separation, charge transport within the semiconductor and across the solid-liquid 
interface. It is given in the following equation: 
Figure 4.4 chopped light illuminsation of CuO/ITO at -0.2 V vs Ag/AgCl showed 
photocurrent decay in the first 2 cycles and stay stable.  
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4.4 
Where  is the wavelength of the monochromatic light, jph is the photocurrent density at 
different incident light wavelength, and Pmono is the incident monochromatic light intensity 
(shown in A.4 in Appendix). The IPCE measurement of CuO nanowires electrode is shown in 
Figure 4.5. With a narrow bandgap of 1.4 eV, CuO NWs are able to absorb sunlight deep into 
the solar spectrum (< 880 nm). The IPCE spectrum shows the CuO NWs electrodes have a 
broadband photoresponse from UV to near IR region, with a peak value of 5 % at 430 nm, and 
0.2% at 800 nm.  
 
Figure 4.5 IPCE of a CuO/ITO electrode under monochromic light illumination 
in a 0.5 M Na2SO4 solution, pH=5.5.  
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Chapter 5 
 
Conclusions  
 
In this thesis, the electronic transport properties of single CuO NW of 85 nm in diameter 
attached to Au electrodes have been reported. We proposed the electrical transport mechanism of 
single CuO NWs as Ohmic conduction at low electrical field (<0.89  103 V·cm-1) with a linear 
I-V response and a SCLC conduction mechanism dominant at higher electrical field (> 0.89  
10
3
 V·cm
-1
) with a power law I-V characteristics. In the Ohmic regime, the number of injected 
holes is smaller than the number of free charge carriers at thermal equilibrium in CuO. The 
thermal activation energy for the Ohmic conduction is extracted from the linear I-V at different 
temperature to be 272 meV, giving a low carrier concentration (Peff ~1.5  10
16
cm
-3
). SCLC 
conduction at high voltage is due to the low Peff and poor electron screening of CuO NWs. As the 
applied electrical field exceeds the threshold voltage, the excess holes injected from the anode 
start to fill the trap states. The voltage dependent current becomes dictated by the concentration 
and energy-distribution of traps is space charge limited. Free holes fill the exponentially 
distributed traps at an average energy of 26.6 meV and concentration of 3.4 × 10
15 
cm
-3
 in the 
NW. The high effective mass of holes in CuO moving in a narrow 3d conduction band results in 
low charge carrier mobility (µ < 0.005 cm
2
/V·sec) and small polaron formation. The mobility of 
small polarons is found to be temperature dependent. At T < 210 K, mobility decreases with 
temperature as µ ~ T
-1.36
, which is due to scattering in the semiconductor.  At T > 210 K, the 
small polaron hopping showed increasing mobility with temperature. We further estimated the 
activation energy for the small polaron hopping mechanism to be 44 meV. Although, here we are 
only reporting the electrical transport properties of CuO NWs, temperature based I-V 
measurements for 2-terminal single nanowires devices can be applied to other single NWs with 
SCLC behavior.  
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We further studied the flatband voltage, band edges, photocurrent, transient stability and 
IPCE of CuO nanowire based photocathode for photoelectrochemical water splitting. The 
valance band of CuO nanowires was found to be 4.93 eV below vacuum level. An optimized 
operation potential range of +0.19 V~-0.3 V vs. Ag/AgCl was obtained for current potential 
characteristics under illumination in the experimental conditions. The photocurrent density at -
0.3V was found to be 0.75mA/cm
2
, and showed good stability through the transient chopping 
light measurement. IPCE under monochromatic light showed a peak value of 5 % at 430 nm and 
0.2% at 800 nm, showing a broadband photoresponse from the UV to the near IR region.  Based 
on this study, CuO nanowires are a promising material for producing low-cost, photoelectrical 
electrodes that are easy to scale up low cost photoelectrochemical electrodes based on our study. 
These results indicate that voltage-dependent conduction mechanisms in intrinsic p type 
CuO NWs determine many of its transport properties and the operational regimes for CuO NW 
based devices need to be carefully examined. It is expected that these parameters will help in 
understanding the transport physics in CuO NWs and guide the design of NW based devices in 
the future. 
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Figure A.1 Standard Deviation of the linear fittings for log(1) – log(V) curves at 
SCLC regimes. The minimum standard deviation is found to be around 14 V 
(Vc), where the linear fittings of the log(1) – log(V) curves at T < 240 K cross 
over.  
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(a) 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.2 (a) Oxygen terminated CuO (-111) plane. (b) Cu terminated CuO (-111) 
plane. The number of bonds on the two planes are calculated to be 6.2  1014 cm-2 
and 2.5  1015 cm-2, respectively. 
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Figure A.3 Small polaron mobility at 200 K at applied voltage from 0 ~ 3 V. The 
mobility is independent of voltage in the SCLC regime at higher voltage. 
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Figure A.4 Calibration of monochromatic light intensity at 250 nm – 1100 nm 
wavelength. The data was collected at increments of 10 nm.    
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